Pasteurellaceae infection in mice may be monitored by the detection of serum antibody using enzyme-linked immunosorbent assay (ELISA). We re-evaluated our standard antigen panel comprising Pasteurella pneumotropica and a V-factor requiring Haemophilus species (strain H21) by studying their serological relationship with Actinobacillus muris and 'Haemophilus influenzae-murium'. Serologically, A. muris and 'H. influenzae-murium' were found to be unrelated and to differ from P. pneumotropica and Haemophilus strain H21. These four antigens were used for monitoring breeding and experimental mouse colonies for a period of four years. The addition of 'H. influenzae-murium' antigen to the standard panel of antigens significantly increased the proportion of sera and serum panels showing anti-Pasteurellaceae antibody activity, but the addition of A. muris antigen did not.
Pasteurellaceae frequently occur in contemporary colonies of rodents (Boot 1997) . In mice Pasteurella pneumotropica is clearly the most often reported species. Some other Pasteurellaceae species such as Actinobacillus muris (Ackerman & Fox 1981 , Bisgaard 1986 ) and growth factor-independent 'Haemophilus influenzae-murium' (Kairies & Schwartzer 1936 , Ivanovics & Ivanovics 1937 , Csukas 1976 , Kirschnek et al. 1997 ) have however been isolated from mice. Our laboratory monitors mouse and rat colonies for Pasteurellaceae infection by culture, polymerase chain reaction (PCR) and serology using antigens of P. pneumotropica and a rat Haemophilus sp. (strain H21). So the addition of A. muris and 'H. influenzae-murium' antigens might reveal Pasteurellaceae infections that have not been detected by our routine antigen panel. We therefore first examined the serological relationship of A. muris and 'H. influenzae-murium' with antigens of P. pneumotropica and Haemophilus strain H21. As both A. muris and 'H. influenzae-murium' were found to be serologically unrelated to P. pneumotropica and Haemophilus strain H21, we tested sera from mouse colonies for antibodies to the four Pasteurellaceae antigens. Based on the results obtained with the four different enzyme-linked immunosorbent assays (ELISAs), we re-evaluated our standard panel of Pasteurellaceae antigens for monitoring mouse colonies.
Materials and methods

Antigens
Bacterial strains used in this study were phenotypically studied according to Mannheim et al. (1980) and genetically by sequencing part of the 16S rDNA gene by the Section of Bacterial Diagnostics of the National Institute of Public Health and the Environment, Bilthoven NL (Dutch National Reference Center for identification of bacteria).
Antigens used for immunization and in the ELISA were prepared as described ) from mouse P. pneumotropica NCTC 8284, rat Haemophilus strain H21, mouse A. muris strains CCUG 16938 (strain Ackerman 80443D; previously classified as P. ureae), DKFZ J384012 and DKFZ L032091 and mouse 'H. influenzae-murium' strain DKFZ R025011. Briefly, Haemophilus strain H21 was grown on chocolate agar and the remaining Pasteurellaceae were grown on plain sheep blood agar for 18 h at 371C under 7.5% CO 2 , harvested in 0.07 mol/L phosphate buffer saline (PBS) pH 7.2, washed three times by centrifugation (300 g, 20 min) in PBS and finally resuspended in PBS containing 0.01% (w/v) merthiolate and adjusted to 7.5 mg/L of protein.
Antisera
Antisera to the six Pasteurellaceae antigens were raised in mice by immunization as described . Briefly, groups of N:NIH/Rivm mice were injected subcutaneously with 0.1 mL merthiolatekilled whole-cell antigen 1:1 diluted in Stimune (Cedi Diagnostics BV, Lelystad, NL) and subcutaneously booster immunized after three weeks with 0.1 mL plain antigen. Mice were bled by cardiac puncture under KRA (Ketamine [Alfasan, Woerden, NL] 90 mg/kg intraperitoneally, Rompun [Bayer AG, Leverkusen, Germany] 10 mg/kg intraperitoneally, atropine [Vetinex Animal Health, Bladel, NL] 0.05 mg/kg intraperitoneally) anaesthesia one week after the booster immunization, and all sera were stored at À201C until use. Negative control sera were obtained from N:NIH/Rivm mice from our hysterectomy-derived barriermaintained breeding colony, which was free from Pasteurellaceae and other infections listed in the Federation of European Laboratory Animal Science Associations (FELASA) recommendations for the monitoring of rodent and rabbit colonies (Nicklas et al. 2002) .
Cross-reactivity by ELISA
The serological relationship of the Pasteurellaceae antigens was determined by ELISA as described . Microtitre plates were coated with wholecell antigens adjusted to 7.5 mg/L protein in Na 2 CO 3 , pH 9.6, and antisera were two-fold serially diluted from 1:50 to 1:12,800 in PBS, pH 7.2, and first tested with the autologous antigen. The serum dilutions yielding optimal optical densities (OD, at 450 nm) in the autologous assays were next used in homo-and heterologous assays. Autologous ODs were considered 100% and the reactivity of antisera with homo-and heterologous antigens was expressed as a percentage of the autologous activity ([OD sample/OD C þ ] Â 100%) or in short: S/C þ %). We used 1:10,000 diluted goat anti-mouse IgG as the secondary antibody.
Sera
From mid-2000 to mid-2004, we tested 1510 mouse sera from 208 panels submitted for testing. The number of samples per panel ranged from 2 to 24. The sera originated from a variety of stocks and strains present in breeding and experimental colonies. Breeding colonies were the source of 131 panels (63%) and 882 sera (58.5%), and experimental colonies were the source of 77 panels and 628 sera. The sera were received in a frozen state and kept at À201C until testing.
All sera were assayed by ELISA at a dilution of 1:50 for antibodies to antigens of P. pneumotropica NCTC 8284 and Haemophilus strain H21, which are the antigens routinely used in our laboratory for monitoring mice and rats for Pasteurellaceae infection, but also the novel antigens derived from A. muris strain DKFZ J384012 and 'H. influenzae-murium'. Autologous positive and negative control sera were run in each test. ODs measured with each of the four antigens were expressed as percentages of Laboratory Animals (2006) 40 the activity of autologous positive control serum (S/C þ %) and percentages X30 were considered positive; at this cut-off level, results of ELISAs using P. pneumotropica and Haemophilus strain H21 antigens agree with the outcome of culture in mouse colonies with natural Pasteurellaceae infection (unpublished observations). A serum was considered positive when at least one of four ELISA outcomes was positive, and consequently also the panel from which the individual serum sample belonged was scored positive.
Statistical analysis
Possible differences in the number of positive panels and sera between the ELISAs and between breeding and experimental colonies were evaluated by the w 2 test. The level of significance was set at P ¼ 0.05.
Results
Cross-reactivity
The three A. muris strains, including the strain Ackerman 80443D which was previously classified as P. ureae, were serologically related (Table 1 ). The A. muris strains were not cross-reactive with 'H. influenzae-murium', Haemophilus strain H21 and P. pneumotropica. 'H. influenzaemurium' antigen did not detect appreciable antibody activity to the other five Pasteurellaceae strains, but antibodies to the bacterium were to some extent detected by Haemophilus strain H21 and P. pneumotropica. Haemophilus H21 and P. pneumotropica showed one-way cross-reactivity.
Serological status of mouse colonies
The testing of 1510 sera from mouse colonies using the four Pasteurellaceae antigens yielded 225 positive ELISAs (Table 2) in 127 positive sera. There were 99 positive tests in 882 sera from breeding colonies and 126 positive tests in 628 sera from experimental colonies. The positive sera belonged to 43 serum panels, of which 18 were from breeding colonies (18/131 submitted ¼ 14%) and 25 were from experimental colonies (25/77 submitted ¼ 32.5%). Serum panels and sera from experimental colonies were more frequently positive than panels and sera from breeding colonies (w 2 X10.4, Po0.01).
Most panels and sera were positive for one antigen only (Table 2) , but 39% of the panels and 42% of the sera showed reactivity to more than one antigen. Panels that were positive by A. muris or 'H. influenzaemurium' ELISA were from experimental colonies and also showed antibody activity to various non-Pasteurellaceae antigens, including Helicobacter hepaticus. Antibody activity measured with antigens of A. muris and 'H. influenzae-murium' was lower than that found by P. pneumotropica and Haemophilus strain H21 antigens (data not shown).
Regarding the positive panels (n ¼ 43), the P. pneumotropica ELISA indicated more Regarding the positive sera (n ¼ 127), the P. pneumotropica ELISA was more often positive than the other ELISAs (w 2 X11.8; Po0.001). The A. muris ELISA was less often positive than the other ELISAs (w 2 X10.4; Po0.01). The Haemophilus ELISAs did not significantly differ in the proportion of positive tests. Based on the ELISA results obtained with the four Pasteurellaceae antigens, we calculated the number of positive panels and sera for all possible combinations of antigens. Combining individual ELISA results increased the overall proportion of panels reported as positive (Table 3 ). So P. pneumotropica and Haemophilus strain H21 antigens, which we use for the routine monitoring of mouse and rat colonies, together detected more positive panels and sera than did either the respective P. pneumotropica antigen (not significant) or Haemophilus strain H21 antigen alone (w 2 ¼ 8.5; Po0.01). Several combinations of antigens detected less positive panels and sera than our routine antigen panel (data not shown). More positive sera were obtained only by the addition of 'H. influenzaemurium' to the routine panel (w 2 ¼ 7.2; Po0.01). The addition of the A. muris antigen to the routine antigen panel did not lead to a significant increase in positives. The maximum number of positive panels and sera was of course reached when the results of all four Pasteurellaceae antigens were combined.
Discussion
Cross-reactivity
The cross-reactivity testing (Table 1) confirmed the one-way serological relationship of P. pneumotropica and Haemophilus strain H21 that we found earlier with rat immune sera (Boot et al. 1994/95) . This finding suggests that in mice Haemophilus infection might also be detected by P. pneumotropica ELISA, but not the reverse. That P. ureae strain Ackerman 80443D (Ackerman & Fox 1981) was found serologically related to both A. muris strains is in line with the reclassification of this strain as A. muris (Bisgaard 1986) .
That 'H. influenzae-murium' was found to be serologically distinct from A. muris is surprising as both bacteria are very closely related by 16S rDNA sequencing (Kirschnek et al. 1997) . We found close serological relationship of genetically unrelated mouse biotype Heyl and Jawetz P. pneumotropica and a rat Pasteurella ) that was later reclassified as P. dagmatis (Boot & Bisgaard 1995) .
Both A. muris and 'H. influenzae-murium' were serologically so different from our routine antigens P. pneumotropica and Haemophilus strain H21 that their use as possible additional antigens in the seromonitoring of mouse colonies merited further study.
Serological observations in mouse colonies
The outcome of testing of 1510 sera with the four Pasteurellaceae antigens (Table 2) supports the view that Pasteurellaceae infections are still widespread in mouse colonies. The higher seroprevalence in experimental colonies compared with breeding colonies is what might be expected from the difference in intensity of preventive hygienic measures between the respective facilities. Experimental colonies have usually been found to be more frequently infected and by more diverse microorganisms than breeding colonies (Jacoby & Lindsey 1998) . We found positive A. muris and 'H. influenzae-murium' ELISAs only in the sera from experimental colonies.
Our serological study by its nature gives no real insight into which Pasteurellaceae species were actually present in the various mouse colonies. The reactivity of individual sera to different Pasteurellaceae antigens might be due to infection by multiple strains, or due to mono-infection by a crossreacting Pasteurellaceae strain. Crossreactivity among mouse Pasteurellaceae has been only partly studied (Boot et al. 1994 (Boot et al. /95, 1995 . Also, studies in which Pasteurellaceae infections are detected by culture do not necessarily give good insight into the prevalence of infections by the various Pasteurellaceae species. Species classification of Pasteurellaceae is difficult without the use of genetic methods such as 16S rDNA sequencing of the bacterial strains. So it seems possible that various early reports on P. pneumotropica infection actually dealt with other Pasteurellaceae species. This idea is supported by the reclassification of P. ureae from mice (Ackerman & Fox 1981) as A. muris (Bisgaard 1986 ).
Based on the outcome of cross-reactivity testing (Table 1) , we added antigens of A. muris and 'H. influenzae-murium' to our antigen panel of P. pneumotropica and Haemophilus strain H21. Our original antigen panel was based on cross-reactivity studies (Boot et al. 1994 (Boot et al. /95, 1995 , data on the host-bacterial relationship of Pasteurellaceae species in rodents (Nicklas 1989 , Nicklas et al. 1993 , Boot 1997 , and the obvious advantage of using the same antigens for the monitoring of mouse and rat colonies.
The standard antigen panel appeared superior in the detection of positive serum panels and sera compared with both new antigens (Table 2) , and the latter when used alone would have detected only very few positive sera that were not identified by the routine panel. The addition of A. muris to the standard antigen panel appeared to be of very limited value (Table 3 ). The addition, however, of 'H. influenzae-murium' appeared to be more valuable as the antigen found sera that were negative using the other antigens. It remains to be elucidated if the 'H. influenzae-murium'-positive sera were really from 'H. influenzae-murium'-infected mice, or were due to cross-reactivity by other bacteria. Kirschnek et al. (1997) reported the repeated isolation of 'H. influenzae-murium' during routine monitoring from different colonies, but did not give details about the nature of these colonies (breeding or experimental, barrier-maintained or conventional), nor did they give data on the prevalence of the infection. Our observations suggest that the antigen panel for the monitoring of mouse colonies for Pasteurellaceae infection should include antigen of 'H. influenzae-murium'. Positive ELISA results obtained by Pasteurellaceae ELISAs should be confirmed by culture or PCR.
